Structural, electronic, vibrational and dielectric properties of LaBGeO5 with the stillwellite structure are determined based on ab initio density functional theory. The theoretically relaxed structure is found to agree well with the existing experimental data with a deviation of less than 0.2%. Both the density of states and the electronic band structure are calculated, showing five distinct groups of valence bands. Furthermore, the Born effective charge, the dielectric permittivity tensors, and the vibrational frequencies at the center of the Brillouin zone are all obtained. Compared to existing model calculations, the vibrational frequencies are found in much better agreement with the published experimental infrared and Raman data, with absolute and relative rms values of 6.04 cm −1 , and 1.81%, respectively. Consequently, numerical values for both the parallel and perpendicular components of the permittivity tensor are established as 3.55 and 3.71 (10.34 and 12.28), respectively, for the high-(low-)frequency limit.
I. INTRODUCTION
Natural stillwellite [1, 2] is a rare earth mineral, which accepts a very wide range of substitutions, described by the general formula (Ln +3 ,M +2 )B(Si,Ge,Al,P)(O,OH,F) 5.0 where Ln=La, Ce, Pr, or Nd. Among these, LaBGeO 5 (LBG) can be taken as a prototype to represent the series of the larger rare-earth borogermanate stillwellite compounds. LBG is well-known for its fascinating ferroelectric and nonlinear optical properties. [3, 4] LBG is characterized by its low ferroelectric transition temperature, Tc = 530
• C. It exhibits a significant pyroelectric coefficient ∼5-10 nC cm −2 K −1 , a low dielectric constant (∼11), a dielectric loss of (tan δ∼0.001) at room temperature, a second harmonic generation efficiency (SHG) of ∼30 units of α quartz. It also maintains a high electric resistance up to ∼500
• C. [5] [6] [7] [8] Due to these appealing interesting properties, LBG has drawn considerable interest in recent years. Some of its applications are a self-doubling laser [9, 10] and more recently a substrate for growing high-quality crystalline InN thin films. [11] The LBG crystal has a trigonal stillwellite (CeBSiO 5 )-type structure, with a P 31 space group symmetry and three formula units (Z=3) per unit cell. The principal structural units of stillwellite consist of infinite helical chains of BO 4 tetrahedra running parallel to the threefold screw axis, with each three tetrahedra forming a ring. Meanwhile, the GeO 4 tetrahedra were found to be connected to the remaining free vertices of one adjacent * E-mail me at: r.shaltaf@ju.edu.jo boron tetrahedron and to the lanthanide polyhedra.
Several groups have studied the polarized and unpolarized infrared (IR) and Raman spectra of LBG. [12] [13] [14] [15] Hrubá et al., [15] carried out an investigation of the Infrared (IR) and Raman inelastic scattering in the temperature range of 300 to 870 K. They reported the vibrational frequencies and the frequency-dependent dielectric function. On the other hand, based on a short-range potential functional calculation model, Smirnov et al. [16] reported the IR and Raman spectral active modes of LBG.
In the present study, we extend such previous results, and present detailed calculations of the vibrational and dielectric properties of LBG using the state of the art ab initio density functional and density functional perturbation theories. The agreement between the experimental reflectivity and our computed reflectivity, shown in Fig.3 , is excellent. To the best of our knowledge, there had been no previous first-principle study of LBG properties, be they electronic or vibrational.
After the present introductory section, we detail our method of calculation (Sec. II), and we present our results (Sec. III), concerning respectively the structural properties, the electronic properties, the Born effective charge, the vibrational and dielectric properties. We then conclude (Sec. IV).
II. METHOD OF CALCULATIONS
The calculations have been performed using the state of the art ab initio plane-wave density functional method, as implemented in the ABINIT code. [17] The all-electron potential is approximated by norm-conserving pseudopotentials generated within the Troullier-Martin [18] and . The wave functions are expanded into a plane-wave basis set up to a kinetic energy cutoff of 40 Ha. The Brillouin zone integration is performed using a special 4×4×4 grid of k-points generated with the Monkhorst-Pack scheme. [20] We have checked that the computations are well converged with these numerical parameters. The density of states calculations are carried out using the tetrahedron method using a 16×16×16 grid of k-points. The electron-electron interaction is approximated within local-density approximation (LDA). [21] Relaxations of the lattice parameters and internal atomic positions within the unit cell were performed using the BFGS algorithm [22] until the maximum component of the force acting on any atoms has dropped below 10 −6 Hartree/Bohr and until the maximal stress is lower than 10 −5 Hartree/Bohr 3 . Linear-response calculations, yielding vibrational and dielectric properties are performed using density functional perturbation theory. [23] III. RESULTS
A. Structural properties
The calculated atomic positions (this work) of the non-equivalent atoms (one unit) are shown in Table I along with the existing experimental results. The structural parameters of the other atoms in the unit cell can still be calculated by invoking symmetry operations. The calculated lattice parameters gave values of a=6.957Å and c=6.742Å. These results are in good agreement compared with the reported experimental X-ray single-crystal diffraction values of a=7.002Å and c=6.860Å [24] and with the high-resolution neutron powder diffraction values of a=7.0018Å and c=6.8606Å. [8] The theoretical results that have been predicted by this investigation underestimate the experimental lattice parameters by less than 2%, which is a typical LDA error. Table II shows the inter-atomic distances of anion-oxygen for B and Ge tetrahedra as well as La Polyhedra. Both B and Ge tetrahedra are connected to O1 and O2. The Ge-O1(O2) are almost the same. A similar behavior is found in the case of B-O1(O2). The atoms O3 and O4 represent free vertex of the Ge tetrahedra with distances slightly smaller than those of Ge-O1(O2). The atom O5 is a bridge connecting adjacent B tetrahedra. Similar to the case of Ge, the B-O5s distances are found slightly smaller than those of B-O1(O2). The result makes it easier to distinguish between three different classes of oxygen atoms according to their environment. The first class consists of O1 and O2, the second consists of O3 and O4, and the last class is represented by O5 atoms. The relaxed ionic structure at fixed lattice parameters was also calculated and the results are presented in Tables I and II . In this investigation, it was found that relaxing the ionic position at fixed experimental lattice parameter is a better choice than considering the shorter LDA lattice parameters to obtain a vibrational structure in agreement with experimental data.
B. Electronic properties
The electronic density of states accompanied by the electronic band structure along the high symmetry lines [25] have been computed as shown in Figure 2 . We found that the minimum gap is indirect at Γ-K with a value of 4.54 eV. The minimum direct gap has almost the same value and exist at Γ. However, it is a wellknown fact that the DFT predictions underestimate the value of the electronic gap. For similar materials, an underestimation by 2 eV is not uncommon. A more pre- cise value of the gap can be obtained usually by employing many-body perturbation theory (the GW approximation), which is however beyond the scope of this study. However, although the DFT value of the electronic band gap is known to differ from the experimental one, the characteristics of the valence band are usually believed faithful.
As seen in Figure 2 , five groups of bands are identified. The lowest set (not shown, consisting of 3 bands) is located at -28 eV, characterized by a sharp DOS peak, and attributed to La s-states. The second set (consisting of 15 bands), located between -20 and -16.5 and related to O s-bands, is slightly hybridized with Ge, B and La orbitals. The third set (consisting of 9 bands) which is located between -13.5 and -12.5 eV, corresponds to La p-orbitals. The fourth bands (consisting of 3 bands) is located between -8.6 and -8.1 eV and attributed to B sorbitals. This set is slightly hybridized with O p-orbitals. The last set, which has the largest dispersion (∼7 eV), is composed of a mix of O p-, La d-, and Ge p-and B p-orbitals. The conduction band edge consists of a mix of La-s, La-d and Ge-s with a slight hybridization of O orbitals. Analysis of the energy bands indicate a mixed ionic-covalent behavior, as will be confirmed in the following section.
C. Born effective charge
The Born effective charge tensor Z * αβ,j is defined as the induced polarization of the solid along the Cartesian direction α by a unit displacement in the direction β of the sublattice generated by atom j. Equivalently, it is the force along the direction α on the atom j due to a homogeneous electric field in the direction β.
[26] The effective charge tensors have been calculated for the eight non-equivalent atoms in the unit cell. The results are shown in Table III . The charge tensors for the remaining atoms of the unit cell can be still be obtained by invoking the symmetry operations. The charge neutrality sum rule ( j Z * αβ,j =0) is almost perfectly verified (with a total value lower than 0.05) suggesting that our results are well converged.
Since the local site symmetry of each ion in this structure can be completely represented by C 1 , the charge tensors of all ions are anisotropic, with non-zero off-diagonal elements. Thus it might be more convenient to analyze the charge tensor elements along the ion principal axis (the principal values).
The effective charge of each La-ion, between 3.73 and 4.61, is anomalously large compared to its nominal ionic charges (La: +3). This agrees well with what have been obtained in case of La 2 O 3 . [27] The anomalously large Z * values indicate a strong dynamic charge transfer along the LaO bond, confirming the above-mentioned a mixed ionic-covalent bond.
For Ge and B ions, the effective charges are noticeably smaller than their nominal ionic charges (Ge: +4, B: +3). The presence of five non-equivalent oxygen atoms is reflected in differences between their Born effective charge tensors. Hence, 3 different types of Oxygen atoms are recognized. Where O1 and O2 is each connected to Ge and B tetrahedra simultaneously. O5 is a bridge between two B tetrahedra. O3 and O4 are each connected to a single Ge atom.
The anisotropy of the effective charge tensor is measured by considering the deviation of each principal value from the isotropic value. The anisotropy of La-ion charge tensor is found to be (11, -1, and -10%). In case of Ge (13, -2, -11%), and (11, -4, -7%) for B. The weak anisotropy of La-, Ge-, B-ions can be understood in terms of the bonding environment. Each La-ion is surrounded by 9 O-ions with close bonding lengths. Similar arguments can be drawn for Ge and B where both are connected by tetrahedral bonds to O-ions. Despite the small differences in bond lengths, still the isotropic environment remains a valid scenario.
D. Vibrational and Dielectric properties
Group theory analysis, for space group C 3 , indicates that the irreducible representations of phonon modes at Γ are
where E and A modes are doubly and singly degenerate modes, respectively, and generate together a total of 72 modes. The E modes are marked by collective displacement patterns in the x − y plane, while the A modes has collective displacements along the z direction. Due to absence of the center of inversion, all modes allow simultaneous IR and Raman activities. The contribution of these modes to the frequency dependent dielectric permittivity is calculated via
where ∆ε αβ,m is the contribution of the vibrational mode m to the dielectric tensor along the Cartesian coordinates α and β and given as ∆ε αβ,m (ω) = 4π V S αβ,m ω 2 m − ω 2 − iΩω S αβ,m is the m th mode oscillator strength along both α and β direction. The damping frequency Ω is taken to be identical for all modes with a value 7 cm −1 . The infrared reflectivity is related to the frequency dependent dielectric permittivity as
The calculated phonon frequencies at the center of the Brillouin zone Γ, computed in this work, are compared with measured values and presented in Table IV . For comparison reasons, phonon frequencies from theoretical model calculations are also cited. For each mode, longitudinal and transverse optical (LO) and (TO) frequencies are being shown. Such splitting is normally attributed to the long range dipole-dipole interaction. Results from this investigation demonstrate good agreement with existing experimental data with absolute and relative rms values of 6.04 cm −1 , and 1.81%, respectively. Two additional A modes are found at 184 cm −1 and 301 cm −1 , respectively. They are marked by their low oscillator strengths and as such introduce a negligible contributions to the dielectric permittivity, which explains why they were not detected experimentally. Due to the trigonal symmetry of the crystal, the electronic ε ∞ and static dielectric tensors ε 0 possess two independent components ε and ε ⊥ , along and perpendicular to the c axis, respectively.
These values of ε ∞ and ε 0 are presented in Table V . It has been noticed that the major mode contribution to ε ⊥ comes from E 4 mode (experimentally observed at 163 cm −1 ), with ∆ε=2.77, that is nearly 40% of the overall lattice contribution. This outcome agrees reasonably well with the experimental findings that ∆ε of the equivalent mode is found to be the largest among other modes, with a value around 2.99. Similar agreement has been found in the case of ε , the largest ionic contribution coming from the A 5 mode (experimentally observed at 173 cm −1 ), with ∆ε=4.33 in reasonable agreement with the experimental value of 4.28. The large contribution from these modes, found experimentally, had not been reproduced by the model calculations of Ref. [16] . Analyzing the eigendisplacement of the modes with the highest ∆ε, namely, E 4 and A 5 , we found that these modes are characterized by rigid unit translations of Ge and B tetrahedra opposite to La ions.
In general we found that the low-frequency modes have significant contributions to the dielectric tensor due to the large displacement of the La ions (for which the Born effective charge is anomalously large, as mentioned in the previous section). This is in contrast with high-frequency modes which have less contribution to the dielectric tensor, due to negligible displacements of the La ions.
The calculated IR reflectivity and dielectric loss are presented in Figs. 3 and 4 respectively, along with the correspondent measured data. The overall agreement between both calculated and experimental results is rather good as all the major features of the experimental infrared spectra are already obtained.
For comparison reasons, it is noted that ε ∞ can be estimated from the refraction index n, which has been reported experimentally to be about 1.88, [13] ε ∞ =n 2 =3.53. The calculated values of ε ∞ are 3.55 and 3.71 for the perpendicular and parallel components, respectively. The anisotropy is weak, although nonnegligible. They are in excellent agreement with experimental measurements.
In fact, the reported value of ε 0 =11 falls nicely between the presently calculated values of 10.34 and 12.28 for the perpendicular and parallel components, respectively. The ionic contribution to ε 0 is much more anisotropic than the electronic contribution.
IV. CONCLUSION
A comprehensive study of the structural, electronic, vibrational and dielectric properties of the LaBGeO 5 compound with the stillwellite structure has been presented in this investigation using ab initio density functional theory. The structural parameters of this compound were found to agree well with the available experimental data with a negligible deviation of less than 0.2%. The DFT electronic structure, which had not yet been computed, has been presented. The calculated vibrational and dielectric properties of this representative compound of the larger rare-earth borogermanate family of the stillwellite structure are found to fit neatly and therefore consolidate the existing experimental published results. In particular, we improve the agreement significantly with respect to the previous model calculation.
